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EXECUTIVE SUMMARY
This paper shows that the output losses fromenergy taxes are signifi-
cantly larger than usually computed when dueaccount is taken of
imperfect competition among energy-using firms. Even with perfect
competition among these firms, the loss in GNP is of thesame order of
magnitude as the revenue raised by these taxes. However, in thepres-
ence of imperfect competition the output losses are much higher. There
are particularly large transitory losses in the immediate aftermath of
energy-price increases when firms act as implicitly colluding oligop-
olists. These losses become considerably smaller ifenergy taxes are
phased in. We also show that taxes that affect only householdconsump-
tion of energy have much smaller effects. In particular, for theempiri-
cally plausible parameter values we consider, such taxes haveno effect
on employment or output in the non-energy sector.
We would like to thank Jim Costain for his untiring research assistance, and theNSF for
research support.160Rotemberg & Woodford
1. INTRODUCTION
As part of his address to a joint session of Congress onFebruary 17,
1993, President Clinton proposed a broad-based energy tax as acentral
part of his plan to reduce the size of the U.S. governmentbudget deficit.
Had this Btu tax been enacted, crude oil eventually would havebeen
subject to an approximately 21 percent tax, coal to a 25.7 percent tax,and
natural gas to a 16 percent tax. Somewhat lower taxes wouldhave ap-
plied to hydroelectricity and nuclear power. The political resistance to
this energy tax, however, was intense, and when the dustsettled, all
that was enacted was about a 4 percent tax on gasoline.
One of the reasons advanced for resistance to the energy tax was
concern about its impact on productionand employment in U.S. indus-
try. Indeed, existing studies of the effect of carbon taxes(Goulder 1992,
1993a, 1993b; Jorgenson and Wilcoxen, 1993) suggest that thereductions
in GDP caused by these taxes are comparable to the amountof revenue
they raise. To demonstrate that this loss is more onerous thanthe losses
caused by other taxes, these authors show that GDP still falls substan-
tially even if the revenues from the carbon tax are used to reduceexisting
labor income taxes.1 That energy taxes are so deleterious may seem
surprising, since energy consumption is a relatively smallfraction of
GDP. But the share of energy costs in total costs does notaffect the
analysis because the small share of spending on energy alsoreduces
proportionally the revenue raised by a given ad valorem tax rate. Neither
does our analysis hinge on the fact that, in practice, other inputs are
used to produce energy. Thus, the cost of energy taxes wediscuss is
unrelated to Diamond and Mirrlees's (1971) proof that it is inefficient to
tax intermediate inputs; energy is actually a rawmaterial in our model
since we neglect extraction costs. Rather, the cost of energy taxesresults
from the fact that, unlike other raw materials such as labor, thesupply of
energy is relatively elastic. As aresult, the quantity of the energy input
falls substantially in response to a tax, instead of the factor pricesimply
being forced down.
In this paper, we argue that the contractionary effects of energy taxes
on energy-using industries are evenlarger than is usually computed,
Of course, an appropriately structured energy tax also has a benefit thatother kinds of
taxes do not, which is the provision of a disincentive for activitieswith harmful external
effects. This benefit, rather than the search for additional sources of government revenue,
is the main reason for recent discussion of "carbon taxes." From this point of view, an
energy tax can actually improve efficiency. Because we do nothere attempt an overall
evaluation of the welfare consequences of an energy tax, we do not attempt to quantify
such effects. For an attempt to do so, see Goulder (1993b).Energy Taxes and Aggregate Economic Activity161
once due account is taken of imperfect competition in those industries.2
The presence of imperfect competition implies that the price of output is
above the marginal cost of production. Thus, the social benefit from
increasing output by one unit exceeds the social cost of doing so. This
wedge implies that a reduction in output has more deleterious welfare
consequences in the presence of imperfect competition. Thus, the preex-
isting distortion due to the lack of perfect competition raises the welfare
costs of any particular output reduction, whatever its origin. Welfare
costs are not our main focus here, however. Instead we study the degree
to which output falls and show that this too is larger with imperfect
competition.
The reason is twofold. First of all imperfect competition implies that
the marginal product of any factor, including energy, exceeds its price.
Thus, the reductions in energy and other inputs that result from energy
taxes reduce GNP by more than one would estimate judging simply
from these inputs' measured cost shares.
Secondly, if the tax change increases the degree of market power of
firms in their product markets, the firms increase the extent to which
they mark up their prices relative to their marginal costs, which results
in a contraction of the equilibrium level of production, just as if a taxon
inputs had increased those marginal costs. We show that even a very
small increase in market power can have a large effect on the predicted
output decline, because the mark-up increase is like a tax on all inputs,
not just energy, and that a particular model of endogenous mark-up
determination (the model of oligopolistic pricing previously used in
Rotemberg and Woodford, 1991, 1992, 1993) can imply a temporary in-
crease in market power following an energy tax increase, though the
effect is transitory even in the case of a permanent tax increase. Further-
more, this effect is even stronger if one allows for uncertainty about the
permanence of the tax change.
We also show that allowing for imperfect competition has important
consequences for evaluation of the relative merits of alternatively struc-
tured energy taxes. In particular, we show that gradual phase-in of an
energy tax mitigates the contractionary effects in the short run, to an
even greater extent than revenues are reduced over that same period;
and this effect is even more pronounced when imperfect competition is
taken into account.
Our method is to numerically solve a calibrated, general equilibrium
2Judd (1993) shows that imperfect competition also affects the optimal tax on capital
income. His analysis differs from ours because capital goods are intermediate inputs
whereas we treat energy as a raw material.162Rotemberg & Woodford
simulation model, under alternative assumptions about product market
structure. Our model decomposes energy into energy purchaseddirectly
by households and energy bought indirectly via the purchase of other
produced goods, allowing us to analyze the difference between taxes on
all energy use and taxes on directly consumed energy.
This paper is related to Rotemberg and Woodford (1993), in which we
considered the ability of a similar range of alternative models to explain
the large declines in U.S. output that followed pre-1980 increases in the
price of oil. We showed that it was easiest to explain these contractions
of output, as well as the simultaneous declines in real wages, if one
viewed firms not only as having market power but as implicitly collu-
sive.3 The numerical calibration of the "variable mark-up" model consid-
ered here matches that of the model shown 'in the previous paper to best
fit the observed effects of oil-price shocks. This match gives us some
reason to suppose that imperfectly competitiveeffects of the size as-
sumed in our simulations may actually be present in the U.S. economy.
Section 2 sets the stage by describing the U.S. energy market. Section
3 discusses the behavior of the firms that use this energy to produce final
output and also gives an intuitive explanation for the importanceof
imperfect competition in determining the output losses caused by en-
ergy taxes. Section 4 then describes the restof our simulation model.
Sections 5 and 6 then present the model's numerical predictions regard-
ing, respectively, the long-run and short-run effects of an unexpected
permanent increase in energy taxes. In Section 7 we take up the effectof
predicted changes in energy taxes. We thus consider both the effect of
phased-in taxes as well as the effects of taxes that are expected to be
repealed. Section 8 concludes.
2. THE U.S. ENERGY MARKET
Four types of products account for the vast bulk of energy consumption:
coal, natural gas, petroleum products, and electricity. For our purposes,
we wish to obtain an energy aggregate. Our commonapproach is to add
together the Btu's contained in all four sources of energy. This would
make sense if the products were perfect substitutes in the sense that a
Btu from one source is as useful as a Btu from another. However, in
practice, the price per Btu is rather different for different sources of
energy. In particular, it is higher for oilthan for coal. For that reason, our
The same model of oligopolistic pricing is shown in Rotemberg and Woodford (1991) to
be useful in explaining cyclical variations in real wages, and in Rotemberg and Woodford
(1992) to be useful in explaining the effects of military purchases on real wages.Energy Taxes and Aggregate Economic Activity163
aggregate is obtained by adding together the expenditure on these four
products. This strategy too is strictly appropriate only if the productsare
perfect substitutes. However, it allows the Btu's from onesource to be
less useful than those from another.
The aggregation of these four energy sources is complicated by the fact
that coal, gas, and petroleum products are used in the generation of
electricity (though some electricity is also generated from other sources).
It would thus be incorrect to simply add together the values of coal,
natural gas, petroleum products, and electricity sales. Whatwe do in-
stead is to count only the coal, natural gas, and petroleum products that
are not sold to electric utilities.
Table 1 presents data on the sales of these four products in1989.Most
of coal is used for electric generation. We valued the 100 million metric
tons that are consumed in other sectors at the average CIF price paid by
electric utilities, namely$30.43per ton. To value both domestically pro-
duced and imported crude oil, we used the average import price of
$16.54per barrel. Electric utilities do not use crude oil directly. Rather,
they buy a combination of different petroleum products. Over half of
these are made up of residual fuels whose average price was$18.65per
TABLE 1.





Production 1,000 short tons
Exports 100 short tons
For electricity 800 short tons
Other uses 100 short tons 30/ton 3
Petroleum
Production 2,707 million barrels 16.54 / barrel 44.77
Imports 2,223 million barrels 16.54 / barrel 36.77










Total purchases 365.41164Rotemberg & Woodford
barrel. We assigned this price to the entire volume of petroleum prod-
ucts purchased by electric utilities. Because this price is higher thanthe
price of crude oil, electric utilities are effectively also purchasing someof
the value added of the refining sector. This fact does not pose any
conceptual difficulties because we add the entire value added of the
petroleum and coal products sector to our aggregate.
In the case of natural gas, we start with the revenues of theindustry.4
We then subtract the gas purchased by electric utilities using the average
price paid by them for natural gas.5 Finally, we add the total revenuesby
electric utilities to our aggregate. We conclude that energy consumption
in 1989 was equal to $365.4 billion, or about 6.6 percent of GDP. Ofthis
total, imported oil accounts for $62.3 billion, or 0.17 of the total, and 1.1
percent of GDP.
We have less accurate data for the breakdown of energy use between
direct household use and non-energy production. In the case of electric-
ity revenue, we know that approximately one third comes fromresiden-
tial sales. In the case of the gas sector, we know that residential sales
account for $25.4 billion in 1990, or 40 percent of the total revenues
counted above. Office of Technology Assessment (1990) reports total
U.S. energy use in 1985 as 74.9 quads (quadrillion Btu's), of which 28 are
reported for direct household energy use, 37 percent of the total. How-
ever, government direct use is alsoreported as 3 quads, so that uses in
production (assuming that all energy use other than the two categories
just mentioned should be counted as such) are only 59 percent ofthe
total. Assuming that 0.6 of the costs calculated in the previous paragraph
are energy inputs into non-energyproduction, we obtain energy costs
with a value of 4 percent of GDP. Subtracting out the 5.5 percent of GDP
representing value added by the domestic energy industry (6.6 percent
minus 1.1 percent from above), value added in the non-energy sector
represents 94.5 percent of GDP, so that energy costs in that sector are4.2
percent of value added. The energy sector is thus not an extremelylarge
one. It is thus somewhat surprising that taxes onthe output of this sector
have such large effects on aggregate activity.
3. WHY IMPERFECT COMPETITION MATTERS
We show in the following that the effects of energy taxes on aggregate
activity are much larger when account is taken of imperfect competition
among the firms that purchase energy. In this section weprovide some
From the Survey of Current Business.
From the 1990 Annual Energy Survey.Energy Taxes and Aggregate Economic Activity165
intuition for this result by considering a simplified model. Suppose that
output is produced with just two inputs, labor H and energy E. In
particular, each firm has a Cobb-Douglas production function of the
form
= A(H - fl)I-a(Eiy (1)
where Y is the output of firm i in period t, while H and E represent its
labor and energy inputs, respectively. The parameter 11 representsa
fixed amount of "overhead" labor needed to carry out any production at
all. The assumption of fixed costs ensures that the production function
exhibits increasing returns to scale in the sense that average costs exceed
marginal costs. Our model requires us to assume such increasing returns
to scale. Otherwise, it is impossible to reconcile the gap between price
and marginal cost implied by the absence of perfect competition with the
apparent absence of pure profits in U.S. industry.
Given the production function in equation (1), the marginal product of
energy is aY / E or, equivalently, aA[(H -)/E]1. Under perfect com-
petition, this marginal product is set equal to the real price of energy,
that is, to the price of energy divided by the price of output. But, under
imperfect competition, the price of output is higher relative to marginal
cost. In this case one instead obtains
- 1-c,
aA çi = /4PEt, E/
wherep4is the ratio of firms i's price to its marginal cost in period t, and
Prt is the real price of energy at t. Equation (2) has two implications, both
of which make energy taxes more contractionary in the case of imperfect
competition. First, a high p4 implies a higher marginal product of energy,
given any observed real energy price. The fact that the marginal product
of energy is higher implies that any given reduction in energy inputs
lowers output by more under imperfect competition.
To see this more formally, note that equation (1) implies that a 1
percent reduction in E lowers output by a percent. The question is what
value should be assigned to a. Under perfect competition, equation (2)
implies that it equals the energy share pEtE',JY, which is the usual method
of assigning a numerical value to this parameter. But with a mark-up
different from one, the energy share instead equals aI. Thus a higher
mark up implies a higher value for a, and thus a higher elasticity of
output with respect to energy, given an observed energy share (as calcu-
lated in the previous section).
(2)166Rotemberg & Woodford
This result still leaves the question of whether the energy input falls
more under perfect or under imperfect competition. Asecond implica-
tion of equation (2) is that, holding employment fixed, the energy input
falls more under imperfect competition. Holding employment fixed is
reasonable if one expects labor to be supplied inelastically in the long
run. Then (2) implies that a 1 percent increasein the price of energy will
lead to a 1/(1 - a) percent reduction in the demand for energy. The
larger this fall, the larger is one's estimate of a, and thus the departure
from perfect competition.
The intuition for this result is the following. Suppose that one ob-
serves that, with a given amount of employment, an economyproduces
seven units of output with 50 units of energy input.Figure 1 displays
two possible Cobb-Douglas production functions that could haveled to
this outcome. In the first a is equal to 0.5, whereas in the second a is
equal to 0.7. They differ in that the marginal product of energy at the
observed level of output is different. The function with a equal to 0.5
might be inferred, given the observed real price of energy, if one be-
lieved that firms are perfectly competitive, and the function with a equal
to 0.7 might be inferred under imperfect competition. An important
difference between the two functions is that the one with a equal to 0.7 is
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FIGURE 1. Estimated Production Functions.Energy Taxes and Aggregate Economic Activity167
tated by the fact that although both curves go through the origin and
through point A, it is steeper at A. The smaller concavity of thea = 0.7
function implies that a given percentage change in its slope, that is, in the
marginal product of energy, must lead to a larger change in the energy
input.6 Thus imperfect competition implies a larger change in theenergy
input from a given percentage tax on energy, given observed values for
output, the energy input, and the real price of energy at point A.
Under imperfect competition, the increase in energy taxes also has the
potential of raising the equilibrium mark-up 4 It follows immediately
from (2) that an increase in the mark up will, with constant employment,
lead to a further contraction in energy inputs and thus in output. Our
simulations below show that in the case of a model of oligopolistic collu-
sion, an increase in the energy tax does cause an increase in the equilib-
rium mark up. In this case, imperfect competition has an even greater
effect on our results.
4. A SIMULATION MODEL WITH IMPERFECTLY
COMPETITIVE PRODUCT MARKETS
As was noted previously, our simulation model is similar in structure to
the one used in Rotemberg and Woodford (1993) to analyze the effects of
oil price shocks. Some modifications are required, however, for our
present purposes. In particular, our interest in permanent tax changes
requires that we take account of the effects of entry and exit in the long
run. We also distinguish here between the use of energy in production
and direct household use of energy.
The production function in our simulation model is much more gen-
eral than the one used in the previous section for illustrative purposes.
Like Goulder (1992), we assume that each firm in the private non-energy
sector produces goods each period with a production function of the
form,
= (3)
where K, and M represent, respectively, firm i's capital and materials
inputs at time t, and ; indicates an exogenously given labor-augmenting
technology factor. The aggregator Q for value added V and the intermedi-
ate input aggregate G is assumed to exhibit constant returns to scale, as
6The fact that the curve with a equal to 0.7 has both a steeper slope at point A and a flatter
slope at low values of the energy input implies that the slope of this curve rises by less in
percentage terms as one decreases the energy input from point A to a low positive value.168Rotemberg & Woodford
is the aggregator G for the intermediate inputs E and M. In the competi-
five case, we also follow Goulder in assuming constant returns to scale
for the value added production function V. However, in the case of
imperfect competition, and hence output prices higher than marginal
cost in equilibrium, constant returns to scale would againimply the
existence of pure profits. We do not wish to let such profits exist, at least
not in the long-run, steady-state growth path. Hence in the caseof
imperfect competition, we assume an increasing returns technology, so
that average costs in excess of marginal costs can reconcile market power
with free entry, as in Chamberlin's (1933) celebrated model of monopolis-
tic competition. As in Rotemberg and Woodford (1992), we assume a
value added production function of the form,
V(K,H) = F(K,I-1) - cP, (4)
where F is homogeneous of degree one, and 1 is a positive constant.
(We may assume that equation (4) applies equally in the competitive
case, but with cP= 0.) The constant 1 indicates the presenceof fixed
costs (overhead), and the homogeneity of F implies that marginal costs
are independent of scale.
We assume that; grows exogenously at a rate g > 0. The tax changes
that we consider below will all be analyzed in terms of perturbations of
the equilibrium around a steady-state balanced-growth path that the
economy would follow in the absence of the tax changes.Along this
balanced-growth path, the aggregate capital stock, energy inputs, materi-
als inputs, and non-energy output all grow at the same rate g (the exoge-
nous rate of technical progress), while aggregate hoursworked remain
constant (so that the effective labor input, zH grows at the same rate as
the other factors).7 In order for fixed costs to remain a constant fraction
of total costs along this balanced growth path, it is necessary for us to
assume (in the case of imperfect competition) that thenumber of firms N
grows at the same rate g, so that the scale ofproduction by each firm
remains constant. We assume that entry is through the introduction of
new differentiated goods, so that the degree ofmarket power of each
firm remains the same (again, as in Chamberlin's model). The details of
the process of entry and the conditions needed to ensure that our steady
state with entry has zero profits are considered in Appendix 1.
We consider only symmetric equilibria in which the production plans
of all firms are identical, so that Y = Y!N, E = EIN, and so on, where
In assuming a balanced-growth path in which (per capita) hours worked remain con-
stant, we follow numerous papers in the real business cycle literature; see, for example,
King, Plosser, and Rebelo (1988). See also the footnote on page 171.Energy Taxes and Aggregate Economic Activity169
the variables without i superscripts refer to aggregate quantities for the
private non-energy sector. The maximization of profits by these individ-
ual firms implies, as before, that the marginal product of each factor is
equal to the product of this factor's real price and the mark up of price
over marginal cost. Though there are four conditions of this type, we
will be interested mainly in the one that is analogous to (2). This condi-
tion relates to the marginal product of G and requires that
QG(Vt,G)=LtPGt, (5)
where PGt is a price index for the aggregate G, and.tis the common
mark-up of all firms in a symmetric equilibrium. The price indexPGt
depends on the prices of energy and materials relative to the price of
non-energy output. In a symmetric equilibrium the price of this output is
the same for all firms, even in the case of imperfect competition. Because
each firm's materials are some other non-energy firm's output, the price
of materials inputs is identical to the price of non-energy output. Energy
inputs are assumed to be in perfectly elastic supply at a fixed relative
price pe (which we imagine to be fixed on a world market, and so inde-
pendent of changes in tax policy and production plans in the United
States). Thus, PGt depends only on the tax rate on energy, i, whose
effects we wish to analyze. Because we assume thatPE is fixed in all of
our ensuing experiments, there is no distinction between the case of an
ad valorem tax and a specific tax such as the Btu tax that was recently
proposed.
In our simulations, we consider three different types of product mar-
ket structure for the non-energy producers. In the case of perfect compe-
tition, equation (5) holds with= 1 at all times. In our second model
(the "constant mark-up" model), it holds with=, a constant greater
than 1, at all times. This corresponds to a model in which firms are
monopolistic competitors, with the equilibrium mark up being deter-
mined by each firm's elasticity of demand, which in turn follows from
the elasticity of substitution between the differentiated goods.8
Finally, in our third and most complicated model (the "variable mark-
up" model), we assume that firms belong to oligopolies that maintain
high prices through the threat of reversion to low prices if anyone devi-
8The assumption of a constant mark up at all times does not actually require an assump-
tion that the individual firm's demand curve has a constant-elasticity form, as in the
familiar model of Dixit and Stiglitz (1977). Given that we consider only the symmetric
equilibrium, it suffices that the utility received from the differentiated goods be a
homothetic function, so that the elasticity of substitution between different goods along the
symmetric-consumption income expansion path is constant. See Rotemberg and Woodford
(1991) for further discussion of this model.170Rotemberg & Woodford
ates. Rotemberg and Woodford (1992) show that this assumption im-
plies that the mark-up ji for each firm in industry] will be related to the
ratio of expected future profits to current sales. In particular, the mark-
up will be given by
= p(X/Y), (6)
where p(XIY) is an increasing function, Y denotes the common output of
each firm in the industry, and X denotes the expected present value of
future profits gross of fixed costs for each firm in the industry, assuming
that collusion is maintained. Higher expected future profits relative to
current sales raise the expected losses from a breakdown of collusion
relative to the potential gains from undercutting the other firms in one's
industry at the present time. The result is that collusion is easier to sus-
tain. The formal definition of X can be found in Rotemberg and Woodford
(1991) where we explain how X depends on the possibility that oligopolies
will either be dissolved or renegotiate their collusive arrangements.
We now describe the rest of our simulation model. To model the
supply of labor and capital, we assume the existence of a representative
household that seeks to maximize
£ {13tU(A(CE!),H)
where f3 is a constant positive discount factor, Cf denotes consumption
purchases of non-energy output (that for simplicity we treat here as
entirely nondurable), £ denotes household direct use of energy, and H
denotes total hours worked (both for the private sector and for the
government). The representative household is assumed to be a price
taker in all markets, and to face the wage W for all hours supplied, and
the after-tax price of p(l + 'i-i) for energy. (In some of our simulations to
follow, we allow the tax on direct household energy use to differ from
the tax on energy inputs to production.) The household also accumu-
lates the capital stock (the purchase price of which is the same as the
price of consumption goods), and receives the rental rate r on its capital
holdings; and it owns all firms and receives the profits from both non-
energy and energy production. Capital holdings evolveaccording to
K1 = I + (1 -
where I are period t investment purchases of non-energy output, and 0
<1 is a constant rate of depreciation.Energy Taxes and Aggregate Economic Activity171
In order to allow the existence of a balanced growth equilibrium in the
case of a constant level of energy tax, we require certain homogeneity
assumptions on household preferences as well. Specifically, we assume
that the aggregator function A(C,E) for household expenditure is homo-
geneous degree one. We also assume that the utility function LJ(A,H)
satisfies certain homogeneity assumptions explained further in Appen-
dix 2. These imply that if the household is faced with a real wage that
grows at a constant rate and a constant rate of return on savings, it will
choose to supply a constant number of hours, and to consume a quantity
that grows in proportion to the real wage.9
As noted above, we assume that the supply of energy is infinitely
elastic so that the relative price at which energy is supplied is fixed
exogenously, which is probably not strictly correct. However, the view
that the elasticity of supply is large is justified to some extent by the fact
the price of oil is determined in a world market in which the United
States consumes only a quarter of world output.'° Thus, even assuming
that foreign demand is inelastic, the elasticity of supply faced by the
United States is four times the world elasticity of supply. In addition, the
foreign elasticity of demand also renders the effective supply ofenergy
to the United States more price elastic. Put differently, any reduction in
price brought about by a reduction in U.S. consumption would raise
consumption elsewhere and thereby dampen the required fall in price.
The result is that, even if the elasticity of the world supply of oil is zero,
the effective elasticity of supply for the United States would equal three
times the elasticity of demand of all the other nations. On the other
hand, we abstract here from considerations of international trade by
supposing that all U.S. energy usage (the sum E + E) is supplied by
firms that are owned by the same representative household referred to
above.11 We also ignore for simplicity the use of factor inputs inenergy
These assumptions are standard in the real business-cycle literature. See, for example,
King, Plosser, and Rebelo (1988). Apart from their analytical convenience, in allowing us to
analyze a steady-state balanced-growth path despite the existence of technical progress
and endogenous labor supply, they are roughly accurate as a description of postwar U.S.
growth. The most notable empirical embarrassment concerns not the growth of per capita
private hours H, but the growth of per capita hours hired by the government, which
exhibits a positive trend over the postwar period, contrary to the assumption of our model
below. Needless to say, adequately dealing with the growth of the government sector
observed over this period, if taken to represent a genuine long-run trend, would be
incompatible with the existence of balanced growth.
10In 1989, the United States consumed 14.81 million barrels of oil a day while world
production equaled 59.61 million barrels a day.
11We do assume in computing predicted changes in GDP that some of the energy is classi-
fied as "foreign" output for purposes of the national income accounts, but this is treated as
an accounting convention with no economic significance. See equation (9) below.172Rotemberg & Woodford
production, and treat the revenues of the energy sector as pure rents
(distributed as profits to the representative household).
We do take account of the consumption of real resources by the govern-
ment, although in our simulations, government demand isassumed to
grow deterministically with the rest of the economy.Specifically, we
assume an exogenously given path for real governmentpurchases of non-
energy output G. In order to make possible abalanced growth path, we
assume that G grows at the rate g of labor-augmentingtechnical progress.
We similarly assume an exogenously given path for government pur-
chases of people's time. In order to make possible a balanced-growth path
of the kind already described, we assume that the hours per capita pur-
chased by the government are a constant Hr at all times. We also assume
that lump-sum taxes or transfers make up for any discrepancy in a given
period between the value of government expenditure G + wJ-Ir and the
value of energy-tax revenues T(E + E), which allows us to consider the
effects of a change in the level of energy taxes while abstracting from the
effects of changing other distorting taxes or of changing government
expenditure patterns. Market clearing in the non-energy sector then re-
quires that at each time
Cf + It + G =- M, (7)
while market clearing in the labor market requires that
H + H = H. (8)
In our numerical simulations, we consider the comparative dynamics
associated with deterministic perturbations of the expected time path of
the energy tax i-. In the case of perturbations that are small enough, the
effects are essentially linear in the percentage tax change. The magnitude
of these linear effects can be obtained from a log-linear approximation to
the equilibrium conditions of the model. We carry out this linearization
around the long-run, steady-state, balanced-growth path to which the
economy eventually converges andconsequently state our results in
terms of the percentage changes in non-energy outputand so on per
percent increase in the energy tax. Thus, the parameter valuesrequired in
order to obtain numerical results are simply elasticities of the various
functions introduced earlier and average values of the various quantities.
The parameter values used in our simulations are listed in Table 2. The
sources of these numerical values, aswell as the interpretation of the
parameters, are discussed further in Appendix 2.




g 0.030Rate of technical progress (per year)
r 0.060Steady-state real rate of return (per year)
0.073Rate of depreciation of capital stock (per year)
0.697Share of private consumption in final uses
1 0.186Share of private investment in final uses
0.117Share of government purchases in final uses
0.020Share of energy costs in total costs
SM 0.500Share of materials costs in total costs
0.360Share of labor costs in total costs
sJ< 0.120Share of capital costs in total costs
0, 0.1670Share of fixed costs in total costs
0dom 0.830Share of domestically produced energy in total energy
use
0.40 Share of direct household use in total energy use
0.170Share of hours hired by the government
G 0.690Elasticity of substitution between value added and in-
termediate inputs
E M 0.180Elasticity of substitution between energy and materials
KH 1.000Elasticity of substitution between capital and hours
0.500Elasticity of intertemporal substitution of household ex-
penditure
EH 1.300Intertemporal elasticity of labor supply
1, 1.200Steady-state mark-up (ratio of price to marginal cost)
0, 0.150Elasticity of the mark-up with respect to XIY
a 0.900Expected rate of growth of individual oligopoly's ex-
penditure share
p 0.200Rate of partial adjustment of number of firms
crease in the energy tax T that is announced (unexpectedly) at the same
time that it takes effect. We assume the economy to have previously
converged to the steady-state balanced-growth path associated with the
previous level of the energy tax (zero), and consider the path by which it
converges to a new, long-run steady state following the change. We also
consider, for purposes of comparison, an experiment in which only the
tax rate on direct household use of energy is increased, with no change
in the tax on uses of energy as an input to non-energy production. In
this case, the relative price of energy inputs in production continues to
be PE' while the relative price of energy for household use becomesPE(l
+ 7-). This comparison is of interest because the gasoline tax that eventu-
ally was passed as part of the 1994 budget is, effectively, a tax that falls
disproportionately on the energy purchased by households. It is thus of
interest to compare the effect of such a tax to those more broad-based,174Rotemberg & Woodford
TABLE 3.
Long-Run Effects of an Energy Tax.
such as the Btu tax originally proposed by President Clinton. As might
be expected, we will demonstrate that imperfect competition increases
the output losses associated with an energy tax only in the case of a tax
on the use of energy in production. The reason is thatimperfect competi-
tion affects the degree to which output falls only by affecting the energy
purchases of firms.
5. LONG-RUN EFFECTS OF A PERMANENT
ENERGY TAX
Table 3 summarizes the changes in the long-run levels of several variables
for each of four cases. The two types of tax changes considered are a shift
from zero energy tax to a 1 percent tax on all energy use (first two col-
umns)12 and a shift from no energy tax to a 1 percent tax on the direct use
of energy by households (last two columns), assuming no tax on indus-
trial uses of energy. Each tax change is considered for two alternative
assumptions about product market structure. In the "competitive" case
(left column of each pair), we assume perfect competition (i.e.,t= 1). In
the "market power" case (right column of each pair), we assume imper-
fectly competitive product markets, with the typical firm possessing mar-
ket power sufficient to lead it to set prices 20 percent higher than its
marginal cost of production in the steady-state equilibrium (i.e.,jt= 1.2).
12Although we assume here an initial steady state with no energy tax, the results would be
similar in the case of a 1 percent increase in the value of (1 + r), starting from a positive
initial tax.
Tax on all energy use Household use only
CompetitiveMarket PowerCompetitiveMarket Power
Non-energy output0.071 0.097 0 0
GDP 0.072 0.098 0.022 0.022
Hours worked 0.024 0.021 0 0
Product wage 0.056 0.085 0 0
Consumption wage0.092 0.122 0.037 0.037
Energy use in
production
0.271 0.297 0 0
Household energy 1.052 1.082 1.000 1.000
Capital stock 0.084 0.110 0 0
Number of firms- 0.033- 0Energy Taxes and Aggregate Economic Activity175
As noted above, our specification of a value for the steady-state mark-
up j also determines our specification of the degree of increasing returns
in the production technology. In the "competitive" case, we assume con-
stant returns to scale (cP = 0). In the "market power" case, we assume the
existence of increasing returns due to the presence of fixed costs (5> 0)
and endogenous determination of the number of firms (and hence vari-
eties of differentiated goods). Thus, in this case there exist increasing
returns such that average cost is 20 percent higher than marginal cost for
the typical firm in the steady-state equilibrium. In the two cases, all other
parameters are calibrated in the same way.
One issue that arises at this point is whether a mark-up of 1.2 is
reasonable. There are essentially two sources of information on this
parameter. The first stems from the abundant literature that attempts to
measure the elasticity of demand facing individual products produced
by particular firms. This literature is relevant because it is never profit
maximizing for a firm to set its mark-up lower than one over one plus the
inverse of the elasticity of demand for its product. There are many esti-
mates of the elasticity of demand for particular products in the market-
ing literature. Tellis (1988) surveys this literature and reports that the
median, measured price elasticity is just under 2. Thus the mark-up
would equal at least 2 if this sample of firms is representative. In prac-
tice, elasticities of demand undoubtedly differ across products, and the
elasticity of demand of those products studied in the marketing litera-
ture is probably atypically low, because the marketing literature focuses
on the demand for branded consumer products, which are more differen-
tiated than unbranded products and probably have a less price sensitive
demand curve. Thus, the typical product in the economy probably has a
price elasticity of demand that exceeds 2.
A second approach is to analyze what happens to revenue and costs in
response to an exogenous change in aggregate demand. A particularly
simple version of this approach has been proposed by Hall (1988, 1990).
He studies the degree to which the increase in GDP generated by in-
creases in exogenous variables, such as changes in military purchases, is
accompanied by an increase in costs. Insofar as GDP increases by more
than costs, the mark-up is greater than one. His estimates indicate that
the mark-up p. is between 1.4 and 1.6.13
There is also a related literature that tries to obtain econometric esti-
13His reported estimates for mark-ups are actually even higher because he estimates
"value added" mark-ups as opposed to the more standard mark-ups of price over total
marginal cost. For a discussion of the relation between the two, see Rotemberg and
Woodford (1992).176Rotemberg & Woodford
mates of marginal cost and in some cases combine them with econo-
metric estimates of the elasticity of demand. The aim of this approach is
to obtain simultaneous, independent estimates of the mark-up and of
the degree of increasing returns. Morrison (1990), for example, estimates
a flexible, functional-form cost function, using data on grossindustry
output and materials inputs. Her estimates of that mark-up jt range
between 1.2 and 1.4 for sixteen out of her eighteen industries. Notably,
her estimates of the ratio of average to marginal cost closely resemble her
estimates of the mark-up itself. Thus, the relation between these two
parameters that we imposed through our zero-profit condition appears
to be validated.
Because we are considering only long-run effects, the results do not
depend on whether the tax increase is immediate or phased in over a
period of time; only the eventual permanent increase in the tax rate
matters. Similarly, the results do not hinge on whether the long-run
substitutability of factors of production exceeds their short-run substitut-
ability; only the long-run substitution possibilities matter here.
Furthermore, the "market power" case reported in Table 3 refers
equally to the monopolistically competitive model and to the oligopo-
listic collusion model. The reason is that in neither case does the energy
tax change have any effect on the mark-up of prices over marginal cost in
the long-run steady state. In the case of monopolistic competition, the
mark-up is predicted to be a constant, determined solely by the elasticity
of substitution between alternative differentiated goods. In the oligopo-
listic model, by contrast, the mark-up depends upon the ratio XIY and so
can vary in response to policy changes. However, in a steady-stateequi-
librium, the present discounted value of profits X is proportional to Y.
Moreover, though the steady state value of X also depends on the
steady-state real rate of interest, r, this real rate of interest is determined
solely by preference parameters and the exogenous rate of growth (see
Appendix 2). Hence the steady-state r is unaffected by the energy tax,
and as a result steady-state L is also unaffected. Thus the long-run
effects are the same in either type of imperfectly competitive model; all
that matters is the size of the steady-state mark-up p.
We now turn to the numerical results reported in Table 3. In each row,
the figure reported represents the percentage change in the long-run value
of that variable, resulting from a 1 percent energy tax. (In our log-linear
approximation to the equilibrium, the effects of a k percent energy tax
are obtained by multiplying each of these numbers by k.) The variables,
of course, grow over time in the steady-state equilibrium; but the steady-
state growth rate is unaffected by the energy tax (as it is determined
solely by the exogenous rate of technical progress). Thus the figureEnergy Taxes and Aggregate Economic Activity177
- .071 for non-energy output means that output is - .071 percent lower
at all times than it otherwise would have been in thenew, long-run
steady-state growth path. "Non-energy output" refers to thegross out-
put Y of the energy-using (but not energy-producing) sector. The
change in "GDP" is computed as
- - PE/Et + &omPE(E + z.IE), (9)
where LI indicates the difference (not percentage difference) fri value of
the equilibria between the perturbed and unperturbed equilibria, and
Oom denotes the share of energy used in the United States that is domesti-
cally produced.14 Thus the GDP measure aggregates value added in the
non-energy sector and the domestic energy-producing sector, in which
for simplicity the total revenues of the latter sectorare counted as value
added. "Hours worked" denotes total hours worked H; becausegovern-
ment hours are assumed to follow an exogenous path unaffected by the
energy tax, the reported decline in hours is only 83 percent of the size of
the decline in hours in the private non-energy sector. The "product
wage" refers to the wage deflated by the price of non-energy input and
the "consumption wage" refers to the wage deflated instead by the price
index PAt of the household consumption basket,
PAt A(C,E)
(10)
"Energy use in production," "capital stock," and "number of firms" refer
to the variables E, K, and N introduced in the previous section; all refer
solely to the private non-energy sector. The number of firms is indetermi-
nate in the competitive model.
A striking feature of the results in Table 3 is thata tax levied only on
direct household purchases of energy has no effect whatsoeveron equilib-
rium activity in the private non-energy sector. Householdenergy use
falls, and the consumption wage falls because the price indexPA rises.
However, the household does not change its supply of laboror demand
for non-energy goods; nor does the equilibrium productwage in the
non-energy sector change. CDI' falls only because of the reduction in
domestic energy production due to reduced householduse of energy. 15
Implicitly, we assume here that U.S. energy production varies in the same proportionas
U.S. energy use.
'Goulder (1993b) also reports smaller losses in GDP for taxes that affect only the house-
hold's use of energy.178Rotemberg & Woodford
Two features of our model account for this result. The first is that we
made assumptions that ensured the existence of a steady state inwhich
the economy grows but hours worked do not. Because output, consump-
tion, energy purchases, and wages all grow at the same rate insuch a
steady state, we require that equiproportional increases in wagesand
the aggregate A = A(C, E) be consistent with an unchanged quantityof
labor supplied.16 A permanent increase in the tax on household energy
raises p(l + T) and thus raises the consumption deflator PAtwhile it
lowers the consumption wage. As long as A falls in exact proportion to
the increase in PA' and the product wage is unaffected, the fall in thereal
wage and in consumption remainequiproportional, and the quantity of
labor supplied does not change.
The second important source of this result is our assumption thatthe
household's elasticity of substitution between non-energy consumption
and direct energy use is equal to 1. We base this assumption on theunit
elasticity of demand estimates of Houthakker, Verleger, andSheehan
(1974). What it means is that the shares of household expenditure on
energy and non-energy output willremain constant in the face of a
change in the relative price of these two kinds of goods. But suppose
that the path of PAAt is unchanged under the circumstances justde-
scribed; it then follows that the paths of C and of PE(1 + T)E are un-
changed. Thus, household energy use falls in inverse proportion tothe
tax increase, through non-energy consumptiondemand and labor sup-
ply are unchanged. It follows that if the product wage and thereal rate
of return are unaffected, consumption demand and laborsupply are
unchanged, and output in the non-energy sector can remain constant as
well, implying in turn that the previous paths of the product wageand
the real rate of interest continue to describe an equilibrium.This argu-
ment applies with or without perfect competition because the twomod-
els differ only in the way non-energy firms react to changes intheir
environment. But, as we just saw, a tax on household use of energydoes
not affect this environment.
Since the tax on household direct use of energy has no effect on non-
energy output, the output effects of a tax onall energy are due to the tax
on the industrial use of energy.The effects would have been just as large
if only the energy used in production were taxed. It is true thatthe zero
effect of the tax on direct household use depends uponparticular pa-
rameter choices that might well be challenged. However,for any values
near ours, the result will beapproximately the samethe effects of a tax
16To obtain this result we assume that the Frisch consumption demand curveand the
Frisch labor supply curve satisfy certain homogeneity properties explained inAppendix 2.Energy Taxes and Aggregate Economic Activity179
on household energy use will be much smaller than the effects of a tax
on industrial uses, and indeed the effects of a tax on household energy
use could as easily be expansionary as contractionary. Thus, the shift
from a Btu tax to a gasoline tax in the budget that eventuallywas passed
by Congress probably resulted in less of a burdenon the economy, per
dollar of revenue raised. Another implication about designinga tax in-
tended to reduce carbon dioxide emissions is thata tax directly mainly at
household energy use is likely to contract economic activity less, forany
given reduction in emissions that is achieved, thanone based simply on
the "carbon content" of various fuels.
Now consider the effects of a tax on all types ofenergy use. Private
non-energy production contracts, as do hours worked, the energy used
in production, the capital stock, and the real wage deflated by the price
of non-energy output. The contraction in hours stands in contrastto the
case of a tax on energy consumption only. It comes about because a tax
on all energy lowers the consumption wage by more than it lowers A1.
Table 3 shows that in this case GDP falls by slightlymore than does non-
energy output. The reason is that the contraction of the energy sector is
even more severe, in percentage terms, than the contraction of the pri-
vate non-energy sector. In the imperfectly competitive case, there is also
a reduction in the long-run number of firms, due to exit in response to
profits no longer large enough to cover the fixed costs.
Even in the competitive case, the output lost as a result of theenergy tax
is rather significant. Because the share of total energy expenditure in GDP
is 0.066, a 1 percent tax increase raises government revenues by only 0.066
percent of GDP. On the other hand, GDP is itself reduced (in the long run)
by 0.071 percent.17 The ratio of output loss to revenue raised iseven more
severe if one considers a pure tax on industrial uses of energy. In this case,
a 1 percent energy tax raises government revenues by only 0.040 percent
of GDP, while GDP is reduced by 0.050 percent.18
17This ratio of the output loss to the revenue raised is comparable to what is implied by the
results of other authors. For example, Goulder (1992) estimates that a $25 (in 1990 prices)
per ton tax on carbon content will reduce real GNP in 2020 by an amount that varies
between 0.76 percent and 1.14 percent, depending upon the structure of the tax (see his
Table 7). Using the figures in his Table 1 on the percentage that this corresponds to for
different types of fuel, one finds that this corresponds to an average tax rateon energy use
of 14.5 percent, so that the revenues raised should be only approximately 0.96percent of
GNP, even ignoring the reductions in the cost share of energy that should follow from
such a severe tax. Goulder (1993b), on the other hand, reports smaller GNP losses. He
considers a tax of $0.45 per million Btu's which corresponds roughly to a 22 percent taxon
energy and computes a reduction in GNP of only 0.33 percent. By contrast our estimates
imply that a 22 percent tax would lead to GDP losses of 1.5 percent.
Non-energy output still falls by 0.071 percent in this case, but the energy sector contracts
to a much smaller extent. Total energy sales are affected more by a tax on household180Rotemberg & Woodford
But the contractionary effects of an energy tax are even greaterwhen
one allows for imperfect competition. In the caseof market power, the
long-run decline in non-energy output is 0.097 percent, andthe long-run
decline in GDP is 0.098 percent. Thus even a relatively modestdegree of
market power (prices 20 percent above marginal cost) significantly in-
creases the predicted effect of the energy tax;the long-run, non-energy
output decline is increased by a factor of nearly 1.4.
The reason can be understood by analyzing equation (5) in the same
way that we analyzed equation (2) inSection 3. It follows from (5) that a
valuet>1 implies a higher estimate of the elasticity of the aggregatorQ
with respect to G. From the shares reported in Table 2, the implied value
of this elasticity is increased from 0.52 to 0.624 (a factor of 1.2) by raising
to 1.2. The elasticity ofQwith respect to V similarly falls from 0.48 to
0.376. Furthermore, as in Section 3 the higher value ofimplies that the
fall in G is larger in response to a change in the price Pc It turns out that,
for fixed V. the fall in G is inversely proportional to the elasticity ofQ
with respect to V and thus is larger by a factor of 1.28 when= 1.2. If
the index of primary inputs V were not affected by the energy tax,G
would have to fall by 1.28 times as much, and so output would fall by
1.53 (= 1.2 x 1.28) times as much, in the case of market power.In fact,
the difference between the output declines in the two cases is not so
extreme in our simulations because V actually falls more inthe long run
in the competitive case. Nonetheless, the contraction issignificantly
larger in the presence of market power.
The energy tax also has significantly greater adverse effects in the case
of market power in several other respects as well. For example, thereal
product wage falls by more than 1.5 times as much in percentage terms.
This indicates a more significant contraction of labor demand; the only
reason that hours worked do not fall more is thathouseholds are willing
to accept the lower real wage because of their lowerwealth in this case.
6. SHORT-RUN EFFECTS OF CHANGES IN
TAX POLICY
In this section we begin the more complex analysis of theshort-run
effects of changes in policy. We focus here on the transition to a new,
long-run steady state consistent with a new permanent tax rate.During
this transition the effects of tax-rate changes differ depending on
energy use than by a tax on industrial uses, because ourcalibration implies that energy is
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FIGURE 2. Effect of Immediate, Permanent Energy Tax Increase.
whether mark-ups are constant or not. We thus considerour two models
of imperfect competition separately.
We consider here an unexpected permanent increase in theenergy tax
rate r from zero to 0.01 that takes effect immediately. Because thetax
change is not anticipated in advance,we suppose the economy starts out
in the steady-state balanced-growth path associated withzero energy
taxation. We imagine that the tax applies to alluses of energy, although
as explained in the previous section, the effects of the tax on thenon-
energy sector follow solely from the taxation of energy usedas an input
to non-energy production.19
Figure 2 displays the transitional effectson non-energy output, under
the three alternative specifications of product marketstructure. The verti-
cal axis indicates percentage deviations from the previoussteady-state
'The argument just made shows that in the case ofan immediate, permanent tax on
direct household energy use only, the economy will immediately jumpto a new steady-
state balanced-growth path described in Table 3. Thus, there isno effect on non-energy
output, consumption, and so on, in either the short run or the long run.
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growth path; 10 x i0means a reduction of 0.10 percent. Thehorizon-
tal axis indicates the year; year 0 is when the tax change isannounced
and takes effect. In the competitive case, the tax lowers non-energy
output by 0.071 percent in the long run, as weshowed in Table 3. We
now see the short-run effects aswell. In the first year, non-energy out-
put is already reduced by 0.058 percent. In subsequent years,output
continues to fall further below the previous trend path, asthe capital
stock is eroded; but a large part of the eventual outputdecline occurs
immediately. In the case of the constant mark-up model, thegeneral
picture is similar. But, as the elasticity of output with respect to energy
inputs is larger in this case, the decline in output is largerboth in the
short run and in the long run.
In the case of the variable mark-up model, the long-runeffects are the
same as for the constant mark-upmodel. As explained in the previous
section, both models predict a long-run reduction of non-energyoutput
by 0.097 percent. However, the short-run effects are quitedifferent.
During the first year of the energy tax the constantmark-up model
predicts a reduction by 0.083 percent, while the variable mark-upmodel
predicts a reduction by 0.123 percent. The predicted short-runeffect is
almost one-and-one-half times as large (hence more than twicethe size
of the effect in the competitive model), because thevariable mark-up
model predicts that the mark-up increases when the energy taxis in-
creased and then gradually returns to its original level over time.The
mark-up increases because the ratio xly increases. This situation occurs,
in the first instance, because of a decline in real interest ratesthat results
from the reduced returns to capital (which eventually return tonormal
as the capital stock is reduced). Lowerreal interest rates mean that the
expected future profits from collusion are discounted to alesser extent,
making a greater degree of collusion possible. Highermark-ups then
themselves contribute to a higher ratio of profits to saleseach period,
making XIY still higher and so helping to raise mark-upsfurther. Higher
mark-ups also further reduce the returns to existing capital goods,thus
lowering real rates of return, raising XIY, and further raisingmark-ups
in a self-reinforcing process.
In our simulation, the mark-up increases by 0.011 percentduring the
first year of the tax (i.e., from 1.2000 to 1.2001). Even thissmall increase
in the inefficiency wedge due to firms' market power has asignificant
effect on the predicted equilibrium allocation of resources.To under-
stand why, it is helpful to suppose first that labor supply isinelastic.
Then, V is entirely predetermined. As a result, equation (5)determines
G as a function of (Tt,pt). Then, using equation (3),Y depends only on
Now let us investigate for a given increase in Tt thequantitativeEnergy Taxes and Aggregate Economic Activity183
effect of an increase in
.Because energy costs are only about 4 percent
of total intermediate input costs,a 1 percent increase in the after-tax
energy price raises the price index Pct by only 0.04 percent. Thusa
contemporaneous 0.011 percent increase in the mark-upmeans that the
right-hand side of (5) increases by 1.3 timesas much (in percentage
terms) as it would in the case of a constant mark-up. Inour log-linear
approximation to the solution, the percentage decline in Y ispropor-
tional to the percentage increase in the right-hand side of (5), andso it
should be 1.3 times as large in the variable mark-upcase.
In our simulation model, we also allow for endogenous laborsupply.2°
In this case, households reduce labor supply rather thanaccept a real-
wage cut of the size that would be required to induce firms not to reduce
the labor inputs that they use. Thus, non-energyoutput falls even more
than it would in the case of inelastic labor supply. This effectis present
regardless of product market structure. However,one can easily see that
the real wage decline required to induce firms notto reduce labor inputs
is larger if the mark-up rises. For it follows from (5) that if themark-up
rises, the value of G, falls more, and hence that Q(V,G) for fixedlabor
and capital inputs falls more. On the other hand, thesame logic that
leads to (5) implies that the real wage must equalQvVH/. The fall in the
real wage is thus magnified both by the increase inand by the severity
in the fall of Q. Thus, it makes sense that in thecase of endogenous
labor supply, the effect of the mark-up increaseon output is even
greater. The fact that such small changes in the mark-upcan matter so
much for the size of the predicted effects of the tax increaseleads us to
insist on the importance of product market structure fortax analyses of
this kind.
7. THE EFFECT OF EXPECTED CHANGES IN
ENERGY TAXES
Up to this point we have considered the effect of unanticipatedperma-
nent increases in energy taxes. There are severalreasons, however, for
energy taxes to be anticipated. First, there is a time gap between the
moment when tax policy is announced and when it takes effect. In
particular, the Clinton proposal called for a gradual phase-in of theBtu
tax. Second, tax changes are not necessarily permanent. Anyparticular
20Note that it is not essential to our conclusions that this variation in laborsupply be
interpreted as "voluntary." Qualitatively similar conclusions would be obtainedin the case
of any source of short-run "real wage rigidity," due for exampleto pre-existing wage
contracts or to efficiency-wage consideratons.184Rotemberg & Woodford
tax, such as the energy tax has someprobability of being repealed in the
future.
We start by considering the case of gradual phase-inand report simula-
tions in which the energy tax is increased by 0.5 percentin the year that
it is announced, and the full 1 percent taxapplies from the second year
onward. The comparison with the case of an instantaneousincrease in
the tax is interesting in part because a gradual phase-in wasactually
proposed. Moreover, as we will show, the effect of thisgradual phase-in
depends even more crucially on product market structurethan the even-
tual effect of a permanent tax.
The consequences for non-energy output are shown inFigure 3 for
each of the possible market structures. As one might expect, outputfalls
by less in the first year than if the full tax were totake immediate effect.
In fact, in none of the models is the contractionin the first year even half
the size indicated in Figure 1. In the case of thecompetitive model, the
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FIGURE 4. Dynamics of Mark-Up in Variable .
constant mark-up model, it is only 0.012 percent; and in thevariable
markup model, output does not decline at all in thefirst year, but in-
stead rises by 0.011 percent.
One reason for the first year effect to beso muted is that the wealth
effect on labor supply, which tends to increase equilibriumoutput, is
nearly as large in these simulationsas in the previous ones. On the other
hand, the current increase in energy costs, which tendsto reduce equilib-
rium output, is only half as large. The other important factor,in the case
of the variable mark-up model, is that expectationsof future profits are
reduced nearly as much as in the previous simulations,whereas current
sales are reduced by much less. Consequently, theratio X/Y falls, and so
the equilibrium mark-up is temporarily reducedin the oligopolistic
model. The path of the equilibrium mark-up in theoligopolistic model is
shown in Figure 4 for the cases of the immediatelyeffective tax and the
phase-in over a one-year period. In thecase of the gradual phase-in, the
mark-up falls by about 0.004 percent (i.e., from 1.2to 1.9995).
After the first year, the path of output in these simulationsis similar to
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the one we derived for an immediate tax increase.The only difference is
that the higher output in year 0 is associatedwith a higher level of
investment. Thus, the capital stock in year 1 ishigher. In fact, the econ-
omy now begins year 1with a slightly larger capital stock than in the
original balanced-growth path in all cases. By contrast,the capital stock
was slightly lower in eachof our previous simulations. In the case of the
competitive model and the constant mark-upmodel, the higher capital
stock means that the output decline in year1 and later is not quite as
large as in the previous simulations. On theother hand, in the case of
the variable mark-up model, we find that ahigher capital stock actually
makes the output decline even more severe.The higher capital stock
implies that real interest rates are even lower,which implies that XIY is
even higher and thusleads to even higher mark-ups. Figure 4 shows
that, indeed, the mark-ups in year 1 and later areactually greater in the
case of a phased-in tax.
Finally, we report simulations in which the tax increase is notexpected
to be permanent. We now supposethat the tax is increased to 1 percent
on all uses of energy,but that it is anticipated that each year there is a
20% probability that the tax rate will bepermanently restored to its
original value. In our dynamic equilibrium model,the effects of a tax
increase cannot be analyzed independently of expectationsabout future
policy, and it is important to realize thateconomic agents need not
expect that a tax change is permanentsimply because the bill that is
enacted does not specify a future date at which it becomesinvalid. Here
too we find that the effects of anexpectation of future policy reversal
depend greatly on our assumptions about productmarket structure.
Figure 5 presents the time path of non-energy outputin the case of the
three possible market structures. What isplotted is the level of non-
energy output for each year relative tothe previous trend growth path,
assuming no reversal of the tax up until that time. Inthe case of both the
competitive model and the constant mark-up model,the contraction of
non-energy output is greater thanit would have been were the tax
expected to continue forever. This situation is due to thewealth effect on
labor supply; optimism about reversal of the tax makeshouseholds ex-
pect higher future incomes and thusmakes them less willing to work in
the present. Hence, the contractionary effects of energytaxes may, in
practice, be considerably greater than those indicated inFigure 1.21
21There are other reasons why one might expect the stimulus tolabor supply from the
expectation of low future incomes not to be as large as in thesimulations depicted in Figure
1. For example, one might suppose that some suppliersof labor are unable to borrow
against future income in any event. In such a case, the contractionaryeffects of an energy
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FIGURE 5. Tax Increase with 20 Percent Chance ofReversal Each
Period.
In the case of the variable mark-up model, thingsare more complex.
Again, the expectation of a possible reversal lowersfirst-period output
because of the wealth effect on labor supply. However,the possibility of
a policy reversal also raises the equilibrium real rate of return, because
higher rental rates on capital are expected in theevent of the tax's repeal.
This higher rate of return lowers thepresent discounted value of future
profits relative to current revenues. The resulting reductionin XIY low-
ers equilibrium mark-up in the oligopolistic model. Though themark-up
still rises following enactment of the tax, it doesnot rise as much as in
the simulation depicted in Figure 1. And, assumingthat the tax has not
yet been repealed, the equilibrium mark-up fromyear 3 onward in the
oligopolistic model is actually lower than that in themonopolistically
competitive model. This situation occurs because,once the capital stock
has fallen sufficiently below its initial level,the real rate of return re-
mains consistently above the real rate associated with theinitial steady
state. The consequence is that if, contrary to expectation, thetax contin-188Rotemberg & Woodford
ues for many years, output isactually higher in the oligopolistic model
than in the monopolistically competitive model.
8. CONCLUSIONS
We have found that allowing for imperfectcompetition in product mar-
kets has an important quantitative effect onestimates of the effects of
energy taxes on the level ofeconomic activity. Allowing for even a mod-
est average mark-up of prices overmarginal cost increases the predicted
decline in output that is caused by an increasein the after-tax relative
price of energy inputs. And allowing for even asmall increase in equilib-
rium mark-ups, due to increased sustainabiityof collusion among mem-
bers of an oligopoly, can greatly increase thepredicted output decline.
We have paid particular attention to a specificmodel of oligopolistic
collusion that we have elsewhere argued helps toexplain the responses
of the U.S. economy to a variety of macroeconomicshocks. This model
implies that an increase in energy taxes maywell raise equilibrium
mark-ups temporarily, especially when the taxincrease is expected to
be reserved soon with significant probability.In this case, the short-run
contradictory impact of an energy tax is especially large.This effect is,
however, sensitive to the precise dynamicspecification of the proposed
taxes. Mark-ups in the oligopolisticmodel may fall rather than rise
immediately following announcement of an energy tax increaseif there
is a delay in the implementation of the tax.
In general, our results suggest an even lessfavorable relation between
the revenues raised by an energy tax andthe reduction of economic
activity than earlier studies (assuming competitivemarkets) have indi-
cated. For example, in the case of immediateimplementation of a 1
percent energy tax that is expected to bereversed each year with a 20
percent probability, the revenues raised inthe first year of the tax will be
0.066 percent of GDP, while GDP is itself reducedby 0.110 percent in the
first year according to the constant mark-upmodel, and by 0.142 percent
according to the variable mark-up model. The GDPreduction five years
later is only 0.098 percent in the variable mark-upmodel if, contrary to
expectation, the tax increase has not yet been reversed;but it is by that
time 0.134 percent in the constant mark-upmodel. Although we do not
here analyze alternative revenue sources, webelieve that an energy tax
is relatively unattractive on this dimension.
Our results also suggest ways in which an energy taxmight be struc-
tured to minimize the contractionary effects. Our mostimportant find-
ing in this respect is that a tax solely ondirect household use of energy
need not contract non-energy production at all.Insofar as allowing forEnergy Taxes and Aggregate Economic Activity189
imperfect competition increases the predictedcontractionary effects of a
tax on industrial uses of energy, but does not affect thepredicted conse-
quences of a tax on direct household use, it makes thecase for targeting
household energy use even stronger.
The short-run contractionary impact ofan energy tax is also reduced if
the tax is phased in gradually, andour simulations indicate that the
output gained in the transition period is much larger thanthe revenue
losses due to the gradual phase-in. In thecase that we analyze here, for
example, gradual phase-in involvesa revenue loss of 0.033 percent of
GDP in the first year relative to therevenues from immediateimplemen-
tation. But the result is that GDP falls by 0.070percent less in the case of
constant mark-ups equal to 1.2, and by 0.109 percent lessin the case of
the variable mark-up model. In thecase of the constant mark-up model,
the output loss is also somewhat mitigated in lateryears, although it is
made slightly worse in the case of the variable mark-upmodel.
APPENDIX 1: ENTRY AND THEELIMINATION
OF PROFITS
We have stated above that in the longrun, entry and exit are assumed to
maintain pure profits at zero. It is straightforwardto show that the first-
order conditions for profit maximization imply thatpure profits are zero
in a symmetric equilibrium if and only if
(p.r -1)Y=Q(V, G(E, Mt))N(I), (A-i)
wheredenotes the common mark-up of all firms. Equation(A-i)
would thus determine the equilibrium numberof firms each period in
the case of instantaneous entry and exit. Thisequation refers only to the
case of imperfect competition and increasing returns whereexceeds
one and P is strictly positive. Otherwise, as usual with constantreturns,
the number of firms is indeterminante.
We do not, however, suppose that entry andexit occur so quickly.
Because entry and exit are peripheral toour main interests here (and
because, as long as they are slow, the exact dynamicsdo not matter
much for our results) we adopta simple ad hoc specification rather than
explicitly model the entry and exit decisions. Letus define
-1)tk lim(i +gykE1{ (A-2)
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Thus IT denotes the number of firms needed at date t,if a constant rate of
growth g of the number of firms ever after is to result in zeroprofits in the
long run. We then assume that the number of firms growsexogenously at
the rate g, except for a slow tendency to correct anydiscrepancy between
the current number of firms andSpecifically, we assume dynamics for
the number of firms given by
N = pN + (1 - p)(l + g)N_1, (A-3)
where 0 < p1 is a constant partial-adjustment rate. Thisspecification
introduces an additional predetermined state variable, inaddition to the
aggregate capital stock K, and that is the previousnumber of firms N_1.
Note that once there ceases to be new informationabout future policy, I'J
grows at the constant rate g, sothat (A-3) implies that the percentage
discrepancy between N and N is eliminated at anexponential rate.
Substitution of (A-2) and comparison with (A-i)indicates then that the
share of pure profits in total revenues mustasymptotically approach
zero, as desired.
APPENDIX 2: PARAMETER VALUES USED
IN SIMULATIONS
Here we explain the numerical values reported inTable 1. The steady-
state balanced-growth path of the economyis described by a set of
growth rates and shares that we calibrate usingthe U.S. national income
accounts. According to our model, the exogenousrate g of labor-
augmenting technical progress is also the steady-state rateof growth of
real GDP, which is why we assign the value 0.03 / year.The parameter r
represents the real rate of return in thesteady-state equilibrium. This
parameter is not a primitive of the model, butthe model predicts that it
should equal /31(1 + g)°, so that calibration of r isequivalent to calibra-
tion of the rate of time preference of therepresentative household. Fol-
lowing King, Plosser, and Rebelo (1988), wecalibrate r to match the
average real return on the U.S. stockmarket. The parameter 6 represents
the exogenous rate of depreciation of the capitalstock of the private non-
energy sector. The modelimplies that in a steady-state equilibrium, the
share of investment in final uses and the shareof capital in total costs
must be linked, through the relation
SI SK
g+6 (r+6)(lsM)
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Hence, the values assumed forg and r, and the share parameters dis-
cussed below, imply a value for 6, which is theone given. These parame-
ters imply a steady-state capital-output ratio in the privatenon-energy
sector of 7.5 quarters, which is reasonably consistent with thenational
income accounts as well.
The parameters s, s1, SG represent the steady-state sharesof private
consumption expenditure, private investment expenditure, andgovern-
ment purchases of private non-energy output, respectively, in total final
uses Y - M of private non-energy output. We calibrate these sharesto
equal the average shares of these three kinds of expenditurein U.S.
private value added (GDP minus value added by the federal,state, and
local governments). The parameters5E'M, 5H' 5K represent the steady-
state shares of energy, materials, labor, and capital costs, respectively,in
the total costs of the private non-energy sector.
As we explained in Section 2, energy costs in thenon-energy sector




We assume, somewhat arbitrarily, a share of materialscosts of 0.5,
which is somewhat smaller than the average materials share indicatedin
the Commerce Department data for U.S. manufacturingsectors, but we
suppose that materials are a smaller fraction of costs outside of manufac-
turing. Equation (A-5) then implies5E = 0.02, which leaves 0.48 of total
costs for labor and capital costs. Insofar as wages account for about75
percent of value added in the national income accounts,we set 5H = 0.36,
= 0.12.
As is explained in the text, we assume that in the longrun, the num-
ber of firms is such that equation (A-i) is satisfied, implyingthat in the
steady state s, the share of fixed costs in total costs,must equal
Ni
(1- 5E - SM) - . (A-6)
F(K, zI-1)
Hence, our calibration of this parameter follows fromour choice of t,
discussed ahead. (Note that s does not refer tocosts in addition to the
four categories previously listed. The fixed costsare a subset of the costs
already counted once as labor and capital costs.)
The calculations just explained imply that the share OOrn of totalenergy
use that is domestically produced is 0.83. They also explain whywe set
6h, the shareof total energy use that is direct householduse, equal to 0.4.
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The parameter ijS, indicating the steady-state valueof HSIHS, is set equal
to 0.17, the average ratio of governmentemployment (summing employ-
ment by federal, state, and local governments) tototal employment over
the postwar period.
This completes our specification of the parametersdescribing balanced
growth. We turn next to the remaining parametersof the production
technology of the private non-energy sector. As the functions Q,F, G are
all assumed to be homogeneous of degree one, theonly parameters that
occur in the log-linear approximation to ourequilibrium conditions are,
in the case of each function, the elasticity of thefunction with respect to
each factor (only one free parameter per function asthey must sum to 1)
and the elasticity of substitution between the twofactors. The elasticities
of substitution enter the log-linear approximations tothose equilibrium
conditions involving marginal products. All of theseelasticities are evalu-
ated at the factor mix that occurs in the steady-stateequilibrium. The
elasticities with respect to the individual factors areimplied by the
steady-state share parameters already discussed; forexample, the elastic-
ity of G with respect to E must equal sE!(sE + SM),and the elasticity of Q
with respect to V must equal 1 -(s + 5M)(It will be observed that for
both our values of L, each of these elasticities ispositive.) It thus remains
only to specify the elasticities of substitution. Thevalues given in Table 1
for Gv and EM are based on the econometric estimatesreported in the
Appendix of Rotemberg and Woodford (1993). Thevalue of 1 for
(which would follow from a Cobb-Douglas productionfunction for value
added) is standard in the real business-cycle literatureand in a great
many other computational,general equilibrium studies.
We next consider the parameters of householdpreferences. As noted
above, the rate of time preference is implicitlydetermined by our specifi-
cation of r. It is useful to discuss the utility functionU (A, H) in terms of
Frisch demand functions Ad(w, A), HS (WA, A) that it implies,where WA
denotes the "consumption wage" defined in Section 3,and A denotes the
representative household's marginal utility of wealth(with wealth in
units of the composite good A).In order for a steady-state balanced-
growth path to be possible, it is necessary to make ahomogeneity as-
sumption on the Frisch demands.23 Specifically, we assumethat there
For demonstration of how the equilibrium conditions can be writtenconveniently in
terms of the Frisch demand functions, see Rotembergand Woodford (1993). The discus-
sion of the parameterization of the Frisch demand functionsfollows Rotemberg and
Woodford (1992).
This is equivalent to a homogeneity assumption on the function U.For further discus-
sion of the class of functions U satisfying this condition, see King,Plosser, and Rebelo
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exists a ci> 0 such that H6(WA, A) is homogeneous ofdegree zero in (WA,
A"°), and Ad(wA, A) is homogeneousof degree one in (WA, A°) (the
homogeneity assumption referred to in Sections2 and 3 that is important
for the result that a tax on direct householduse of energy has no effect
on non-energy output). In our numerical workwe furthermore specify
the value of 2 for ci. As noted in Table 1, thisvalue implies that the
elasticity of consumption growth (specifically,growth in consumption of
the aggregate A) between two periods, withrespect to the real rate of
return between those periods (also measured in termsof the composite
good A), with hours worked holdingconstant, is equal to 0.5. This value
(which follows Rotemberg and Woodford, 1993)is within the range of
values consistent with a variety of studies of therelation between in-
tertemporal substitution in consumption andasset prices. (A value of 1
is common in the real business-cycle literature.)
The only features of the Frisch demands thatmatter for the log-linear
approximation to the equilibrium conditionsare the elasticities of the
functions with respect to their twoarguments, again evaluated at the
steady-state equilibrium. However, the homogeneityassumption just
stated implies that all four elasticitiesare uniquely determined once we
specify values for ci and any one of the elasticities.We choose to calibrate
the model in terms of a specified value forHW, the elasticity of the Frisch
labor-supply function with respect to theconsumption wage, because
this particular elasticity (sometimes called the"intertemporal elasticity of
labor supply") is both familiar and the subject ofa large number of
econometric studies. The value thatwe assume (again following
Rotemberg and Woodford, 1993) is at the high end ofthe range of values
obtained from panel-data studies, though it isconsiderably smaller than
the values most often assumed in the real business-cycleliterature (often
4 or more).
The remaining feature of household preferencesto specify is the
aggregator function A(C, E'). Again, becausewe assume that the func-
tion is homogeneous degree one, the onlyparameters for which numeri-
cal values are needed are the elasticities of A withrespect to its two
arguments and the elasticity of substitution between the twoarguments,
again evaluated at the steady-state equilibriumconsumption bundle.
The elasticities with respect to thearguments are implied again by the
share parameters specified in the foregoing. Forexample, the elasticity
of A with respect to C is given by
C s(1 - SM)
C + PEEs(l - SM) + ihSE
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Thus, it remains only to specify ECE. Ourvalue is taken from the
econometric study by Houthakker, Verleger,and Sheehan (1974).
We finally describe the parameters thatspecify the product market
structure. As noted in the text, allof the models that we consider
amount to different specifications ofthe mark-up function p.(X/Y) in
equation (6). The features of this functionthat matter for the log-linear
approximation to the equilibrium conditions areits valuein the
steady-state equilibrium and the elasticity ofthe function with respect to
its argument XIY, also evaluated at thesteady-state value of that argu-
ment. In the case of the competitivemodel, we specify= 1 and= 0.
In the case of the monopolistically competitive(or "constant mark-up")
model, we specify= 1.2 andçL= 0. In the case of theoligopolistic (or
"variable mark-up") model, we specify= 1.2 andç,= 0.15. As we
discuss further in Rotemberg and Woodford(1992), the amount of mar-
ket power assumed in the steady state inthe case of the imperfectly
competitive specifications (prices 20 percent in excessof marginal cost) is
within the range of estimates obtained by anumber of studies of U.S.
industries. In that same paper we show thatthe implicit collusion model
implies theoretical bounds on the value of ç.namely, that 0 <-
1. The value that we assume here satisfiesthe theoretical bound. These
parameter values for the implicit collusionmodel also coincide with
those that are shown in Rotembergand Woodford (1993) to predict
effects of oil-price shocks that are similar tothose observed during the
period 1947-1980.
In the case of the oligopolistic model, it isalso necessary to specify a
value for the parameter a which appears inthe definition of X provided
in Rotemberg and Woodford (1992). This parameterindicates the ex-
pected rate of growth of a given oligopoly'sshare in total expenditure.
We assume a = 0.9, because, as isdiscussed in the Appendix of
Rotemberg and Woodford (1992), this value is consistentwith the exis-
tence of an equilibrium withimperfect collusion (a binding incentive-
compatibility constraint) in the case of oligopolies with no morethan ten
firms.
Finally, in the case of either of the imperfectlycompetitive models, we
must specify the parameter of p in equation(A-3). We set this arbitrarily
at 0.2. This parameter does not seem tohave an important qualitative
effect on our results as long as it is relativelysmall (adjustment of num-
ber of firms is not too fast).
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